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The  RecA  protein  of Escherichia  coli optimally  pro- 
motes DNA strand  exchange  reactions  in  the  presence 
of the single strand DNA-binding protein of E. coli 
(SSB protein). Under these conditions, assembly of 
RecA protein  onto  single-stranded DNA (ssDNA)  oc- 
curs  in  three  steps.  First,  the  ssDNA is rapidly  covered 
by SSB protein.  The  binding of RecA  protein is then 
initiated by nucleation  of  a  short  tract  of RecA protein 
onto the ssDNA. Finally, cooperative polymerization 
of additional RecA protein  accompanied  by  displace- 
ment  of SSB protein results in  a  ssDNA-RecA  protein 
filament  (Griffith, J. D., Harris, L. D.,  and Register, 
J. C. (1984) Cold Spring  Harbor Symp. Quant.  Biol. 
49,  553-559). We report  here  that RecA protein as- 
sembly  onto  circular  ssDNA yields RecA protein-cov- 
ered circles in  which  greater  than 85% are completely 
covered  by RecA protein with no  remaining SSB pro- 
tein-covered  segments (as detected  by  electron  micros- 
copy). However,  when  linear  ssDNA is used, 90% of 
the  filaments  contain  a  short  segment  at  one  end  com- 
plexed with SSB protein.  This  suggests  that RecA  pro- 
tein assembly is unidirectional. Visualization of the 
assembly  of  RecA  protein  onto either long  ssDNA tails 
(containing either 5’ or 3’ termini) or ssDNA gaps 
generated  in  double  strand DNA allowed  us  to  deter- 
mine  that  the RecA protein  polymerizes  in  the 5’ to 3‘ 
direction on ssDNA and preferentially nucleates at 
ssDNA-double  strand DNA junctions  containing 5’ ter- 
mini. 
The best available in vitro model system for homologous 
recombination is the  strand exchange reaction promoted by 
the RecA protein of Escherichia coli (for review, see Ref. 1). 
In the simplest reactions, a  (+)-ssDNAl  pairs with a dsDNA 
in  a region of shared homology and  the two molecules undergo 
a  net exchange of DNA strands (2-4). One of the hallmarks 
of this exchange is that  it proceeds unidirectionally, displacing 
the 5’ end of the (+)-strand of the dsDNA partner (5-7). 
Despite the importance of this polarity  in  strand exchange 
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(for review, see Ref. 8), a satisfactory explanation for this 
phenomenon has yet to be offered. 
Strand exchange occurs in three experimentally separable 
phases: formation of initiation complexes, synapsis, and 
branch migration. The cooperative binding of RecA protein 
to ssDNA in the presence of ATP and Mg2+ forms an initia- 
tion (or presynaptic) complex (9-14). This is followed by 
synapsis in which a  stable  joint forms between the ssDNA 
and dsDNA molecules within a region of homology (1, 15- 
18). Movement of this  joint  (branch migration) results  in  a 
net exchange of DNA strands (2-4). Branch migration pro- 
ceeds unidirectionally in  the 3 ’ 4 5 ‘  direction with respect to 
the (-)-DNA strand of the dsDNA (the  strand being paired 
with the ssDNA) (5-8). 
Initiation complexes formed by  RecA protein in the pres- 
ence of SSB protein are 5-10-fold more active in strand 
exchange than those formed in  the absence of SSB  protein 
(2,19,20). As visualized  by electron microscopy (14,21), these 
complexes are smooth rigid filaments which are easily distin- 
guished from the nucleosomal ssDNA.  SSB  protein complexes 
(22). Using electron microscopy, we have shown (21) that 
when RecA protein,  SSB  protein, Mg2+, and  ATP are added 
simultaneously to a circular ssDNA template (SSB-mediated 
RecA protein assembly), SSB  protein  binds  first. RecA pro- 
tein binding is then  initiated by the relatively rare nucleation 
of RecA protein on the  SSB protein-covered ssDNA. A rapid, 
highly cooperative polymerization of RecA protein along the 
ssDNA then ensues, resulting in the formation of initiation 
complexes. We have not observed any evidence for a site- 
specific nucleation of RecA protein  onto ssDNA and therefore 
postulate that such nucleation occurs at random sites. Studies 
with labeled proteins indicate that, under the conditions used 
in our studies, as RecA protein assembly proceeds, most if 
not  all of the  SSB protein  is displaced.2 
Recently, we noted that when linear ssDNA  was used as a 
template for RecA protein assembly, a  short segment of one 
end of the initiation complex almost always exhibited the 
nucleosomal appearance typical of ssDNA which is covered 
by SSB protein. This  result suggested that  the assembly of 
RecA protein was unidirectional. To  test  this hypothesis, we 
examined the assembly of RecA protein  onto dsDNA tem- 
plates having ssDNA tails with 3‘ or 5’ termini. In this paper, 
we demonstrate, that under optimal strand exchange condi- 
tions, RecA protein binds to ssDNA in the 5‘+3‘ direction. 
We also show that SSB-mediated RecA protein assembly onto 
ssDNA will preferentially nucleate at a ssDNA-dsDNA junc- 
tion  containing  a 5‘ terminus if it is present. 
R. Thresher, S. Colby, G. Christiansen, and J. Griffith, manu- 
script  in  preparation. 
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MATERIALS AND METHODS 
Proteins-RecA protein was purified from E. coli overproducer 
strain KM4104/pDR1453 as previously  described  (23). SSB protein 
was purified as described  by  Chase et al. (24) from an E. coli over- 
producer strain (gift of J. W.  Chase,  Depart'ment of Molecular  Biol- 
ogy, Albert Einstein College of Medicine). E. coli exonuclease I11  was 
purified  as  described  by  Rogers and Weiss (25). 
DNA-Single-stranded  DNA  was  purified  from M13 phage  yield- 
ing  M13mp7  ssDNA.  Following  phage disruption by  chloroform and 
0.5% Sarkosyl treatment, the DNA  was purified by banding in CsCl 
density  gradients. This DNA contains a hairpin structure that gen- 
erates a duplex  region  with an EcoRI restriction site. The ssDNA  was 
cut by the addition of 1 unit of EcoRIlpg of  DNA  (EcoRI  was the gift 
of P. Modrich, Department of Biochemistry,  Duke  University) and 
incubation at 37 "C for either 15 min to generate a mixture of linear 
and circular molecules or 45  min to generate  only linear molecules. 
M13 and pUR222  dsDNA  were  amplified  in E. coli K37 or HB101, 
purified by the method of Modrich  and  Zabel (26). M13  dsDNA  was 
respectively,  by  chloramphenicol treatment. Supercoiled DNA was 
linearized by  Him11 (Bethesda  Research  Laboratories). E .  coli  exo- 
nuclease I11 treatment of linear M13  dsDNA (40 pg/ml)  was carried 
out in 50 mM Tris, pH 8.0,1 mM MgC12, and 1 rnM @-mercaptoethanol 
buffer  using  500 unitsfml exonuclease 111 for  20  min at 21 "C. Phage 
X-exonuclease  (New England  Biolabs) treatment of linear M13 
dsDNA (40 Ng/ml)  was  performed  in 100 mM glycine, pH 9.4, 3 mM 
MgC12, and 3 mM p-mercaptoethanol  buffer  using  150 units of en- 
zyme/ml for 20 min at 37 "C. Tails generated by both exonuclease I11 
and X-exonuclease  were approximately 1000-3000 bases  long.  Single 
nicks were generated in supertwisted pUR222 by the method of 
Greenfield et al. (27). The nicks were enlarged to gaps  using  exonu- 
clease I11 as described  above.  Following  all  nuclease treatments, the 
DNA was treated with 1% sodium dodecyl sulfate, extracted with 
phenokhloroform (1:1), ethanol-precipitated, and resuspended  in 10 
mM Tris, pH 7.5.  Calf intestine phosphatase  (Boehringer  Mannheim) 
was  used to dephosphorylate 5' ends of dsDNA (28). 
SSB-mediated Assembly  of RecA Protein onto  ssDNA-3  pg/ml of 
ssDNA was incubated  with  120  pg/ml  RecA protein, 4 pg/mI creatine 
phosphokinase (Sigma), and 20 mM phosphocreatine (Sigma) in a 
buffer containing 30 mM NaC1, 3 mM ATP, 12  mM MgCl,, and 20 
mM HEPES, pH 7.5, for 5 min at 37 "C. SSB protein (9 ,ug/ml)  was 
then added, and incubation was continued for various times. In 
experiments in which  incompletely  polymerized  RecA protein tracts 
were  visualized,  SSB protein was added to the ssDNA at the same 
time as the RecA protein (to slow nucleation) at 21 "C (to slow 
polymerization)  for 2-4 min. No differences  in the overall  features of 
the assembly  pathway  were  found  whether SSB protein was  added 
with the RecA protein or a few minutes later. The observations 
reported  here have  been confirmed  using both sequences of addition. 
Electron Microscopy-DNA-protein complexes were fixed with 
formaldehyde and glutaraldehyde, passed over 2-ml Sepharose 4B 
columns,  mounted onto thin carbon  films, and rotary-shadowcasted 
with tungsten (29). Micrographs  were taken on a Phillips TLG 400. 
RESULTS 
Assembly of RecA Protein  onto  Linear  and  Circular SSDNA 
Templates-SSB-mediated assembly of RecA protein  onto a 
mixture of linear  and  circular  M13mp7  ssDNA was examined 
by  electron microscopy.  Following incubation  for  10  min at 
37 "C, 25% circular  and 75% linear  ssDNA-protein complexes 
were observed (Table I and Fig. 1, A and B).  88% of the 
circular complexes  were smooth-contoured loops with a 10- 
nm  filament  diameter  identical  in  appearance  to previously 
described  ssDNA-RecA  protein complexes (9-11). There  were 
no gaps or breaks  along  the  length of these  filaments. 12% of 
the  circular  filaments  contained  one  long RecA protein-cov- 
ered  tract  and  one  tract  that  retained  the nucleosomal ap- 
pearance of ssDNA complexed  by SSB protein (21,223 (Table 
I and Fig. 1, A and B). In contrast, only 8% of the linear 
complexes were completely covered by RecA protein, while 
90% were  covered by RecA protein  except  for 5-20% of one 
end which remained  covered by SSB protein. 2% of the  linear 
complexes remained fully covered by $SF3 protein  (Table 1 
and Fig. 1, A and B). 
These  results suggest that  the  assembly of RecA protein 
TABLE I
Appearance of filaments  formed by RecA protein along  various  DNA 
templates 
RecA protein was incubated  with  several DNA templates in the 
presence of Mg", ATP, and SSB protein at 37 "C for either 10 min 
(1 and 2) or 30  min (3-5) as described  under  "Materials  and  Methods." 
Samples  were  fixed and  examined by electron microscopy, and  fields 
of  molecules  were  scored. 
DNA template 
Number of molecules of each filament 
tYPe 
RecA- SSB- 
Fully Fully Partially RecA- 
and SSB- 
covered  covered  covered 
1. Circular ssDNA 44 0 6 
2. Linear ssDNA 11 2 132 
3. Exonuclease 111-treated 4 87 31 
'4. X-Exonuclease-treated 150  25 a5 
5 .  Gapped DNA 72 8 7 
dsDNA (5' termini) 
&DNA (3' termini) 
onto ssDNA is unidirectional. If so, random nucleation of 
RecA protein on linear ssDNA that was covered by SSB 
protein would leave a segment of the  ssDNA covered by SSB 
protein.  Subsequent RecA protein  nucleations  within  the SSB 
protein-covered  segment would leave some  ssDNA covered  by 
SSB protein,  unless  the  nucleation occurred at the  end of the 
SSB protein-covered  segment. However, an  identical  reaction 
along  circular  ssDNA would lead to full RecA protein cover- 
age. 
RecA Protein Assembly onto Single-stranded DNA Tails 
with 5' Termini-To test the above prediction, RecA protein 
was assembled onto linear M13 dsDNA which had been 
treated  with E. coli exonuclease 111. This  DNA  contained  long 
single-stranded  tails  with 5' termini. Following incubations 
of  10-30 min,  all of the molecules observed contained a central 
protein-free  dsDNA  segment  with two  protein-covered tails 
(Fig. 1, C-E). 72% of the tails appeared fully  covered by SSB 
protein, 3% were fully covered by RecA protein, and 24% 
contained one segment covered by RecA protein and one 
segment covered  by SSB protein  (Table I). In  this last group 
of molecules, the protein-covered tracts were uniquely ori- 
ented  such  that  the SSB protein-covered segment was always 
at the  end of the  ssDNA tail (Fig. 1, C-E). 
These  observations could be  explained  in two ways: either 
the RecA protein nucleated randomly onto the ssDNA tail 
and  then polymerized in  the 5' to  3' direction  ending at the 
ssDNA-dsDNA junction, or the RecA protein nucleated at 
the  ssDNA-dsDNA  junction  and  then polymerized outward 
toward  the 5' terminus.  The  latter possibility  seemed  unlikely 
because: 1) the high  degree of cooperativity in RecA protein 
binding  under  these  conditions  makes it unlikely that polym- 
erization would randomly  stop in the middle of the  ssDNA 
tails, and X) tracts of SSB protein were found at  the  ends of 
numerous tails following extended incubations, indicating 
that  these molecules were not  intermediates  in  the reaction. 
However, to  exclude this possibility, it was  necessary to lo- 
calize the RecA protein nucleation sites along the ssDNA 
tails. 
If RecA protein polymerized 5'+3' along  the  ssDNA tails, 
and if nucleation was  occurring within the ssDNA tail, then 
examination of ssDNA tails in which  RecA protein polymer- 
ization  had  not  yet  been completed should show a tract of 
RecA protein  sandwiched between  two SSB protein-covered 
tracts. However, if the  polarity was 3"s' and  the  nucleation 
was occurring at the  ssDNA-dsDNA  junction,  no  such mole- 
cules should  be found. Following incubations of 2-4 min a t  
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FIG. 1 .  Visualization of the  polar  assembly of RecA protein  onto ssDNA. RecA p r o ~ e i n  was rlssrm1)lerl 
onto  several ssl)NA s ~ ~ l ~ s t r a t e s  in the presence 0 1  Mg"+, A T P .  :Ind SSH protein as  descrit~rrl  under  "Vatrrirlls and 
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21 “C  (to slow the  rate of polymerization), complexes were 
seen in which RecA protein polymerization appeared to be 
incomplete, and numerous single-stranded  tails  containing  a 
RecA protein tract sandwiched between tracts of SSB protein 
were visualized (Fig. IF). These  results show that nucleation 
began within the length of the ssDNA tail  and proceeded 5’- 
3’. 
RecA Protein Assembly onto Single-stranded D N A  Tails 
with 3’ Termini-To confirm that SSB-mediated assembly of 
RecA protein  onto ssDNA occurs 5’+3’, assembly onto  linear 
M13 dsDNA treated with X-exonuclease was examined. This 
DNA contained long single-stranded tails with 3‘ termini. 
Experimental  conditions were identical to those used with the 
exonuclease 111-treated  DNA. In  contrast to  the DNA which 
had been digested by exonuclease 111, only 10% of the ssDNA 
tails generated by X-exonuclease remained fully covered by 
SSB protein, while 58% were fully covered by  RecA protein 
and 32% contained  protein tracts typical of the two different 
types of protein coverage (Table  I). In  the  last class, the  tracts 
of RecA protein were consistently located at  the end of the 
ssDNA tails (Fig. 1, G and H). Along with the  data obtained 
from the experiments utilizing linear ssDNA and ssDNA tails 
with 5‘ ends,  these  results  indicate that 3‘ ends  are at least 
10 times more likely to be covered by  RecA protein  as 5’ ends 
under these conditions. In addition, these results show ap- 
proximately a %fold preference for RecA protein nucleation 
at ssDNA-dsDNA junctions  containing 5’ termini over ran- 
dom initiation  sites along the ssDNA tail. 
When short incubations were carried out so that incom- 
pletely polymerized RecA protein  tracts could be visualized, 
most (>50%) were found to begin at the ssDNA-&DNA 
junction, but some were sandwiched between segments of 
ssDNA covered by SSB protein. To determine if the prefer- 
ential nucleation seen at ssDNA-dsDNA junctions was due to 
the presence of a 5‘-phosphate, RecA protein was assembled 
onto DNA which had been treated with X-exonuclease and 
then dephosphorylated. No effect on RecA protein assembly 
was seen (data  not shown). 
SSB-mediated  RecA  Protein  Assembly  onto Gapped DNA- 
If RecA protein preferentially nucleates at ssDNA-dsDNA 
junctions  containing 5’ termini, then gaps in dsDNA should 
be rapidly covered over their  entire length by  RecA protein. 
Circular pUR222 dsDNA containing  a single long gap in each 
molecule was used as the template for these experiments. 
Following incubation for 20 min at 37 “C, 83% of the mole- 
cules examined contained gaps that were completely covered 
by RecA protein, while 17% of the gaps were either completely 
covered by SSB protein or contained  tracts typical of both 
types of protein coverage (Table I). It is worth noting that 
these  results  indicated an even greater preference for RecA 
protein nucleation at ssDNA-dsDNA junctions with 5’ ter- 
mini (almost 10-fold) than did those obtained with the X- 
exonuclease-treated DNA. 
DISCUSSION 
We have shown that, when RecA protein  binds to ssDNA 
in the presence of ATP, Mg“’, and SSB protein to form 
I 
initiation complexes, it assembles in  the 5’-3’ direction. In 
addition, we observed a  strong preference for nucleation of 
RecA protein assembly at ssDNA-dsDNA junctions  contain- 
ing 5‘ termini. 
The finding of polarity in the earliest phase of strand 
exchange correlates very  well with the polarity seen in  branch 
migration. Although numerous DNA substrates have been 
used to examine the strand exchange reaction, the most 
common are circular (+)-ssDNA circles and linear dsDNA 
from bacteriophages. In these model systems, the ssDNA 
invades the dsDNA 5‘-+3‘ relative to  the initiation complex 
(5-7), the same direction in which we have shown that RecA 
protein assembles onto ssDNA. The “treadmilling” model of 
branch migration (8, 30) fits well with our results. In this 
model, it  is proposed that RecA protein assembles into fila- 
ments along ssDNA by a  heat-to-tail polymerization at one 
end of the filament. RecA protein concomitantly depolymer- 
izes from the other  end of the filament. The RecA protein- 
covered segment of ssDNA is the region which is actively 
involved in  strand exchange. The overall movement of  RecA 
protein along the ssDNA due to  the treadmilling drives branch 
migration in the same direction. Since strand exchange is 
known to occur 5‘+3‘ with respect to  the initiation complex 
(5-7), this model presupposes a 5’+3’ polarity of  RecA pro- 
tein assembly. Although an ATP-regenerating system was 
used here to avoid disassembly of the filaments, it is known 
that following sufficient ATP hydrolysis, RecA protein is 
released from these complexes (31). Further study is required 
to understand the molecular details of this disassembly. 
Although the assembly of RecA protein  onto ssDNA ap- 
pears to be an important  step  in  both homologous recombi- 
nation (8, 12)  and induction of the SOS response (32), very 
little is known about the relationship between the templates 
used for i n  vitro studies and those involved in  the cell. It has 
been proposed that  the DNA  involved in homologous recom- 
bination i n  vivo probably more closely resembles a dsDNA 
circle (i.e. no readily available ends) and a gapped dsDNA 
than  the templates more commonly used in vitro (33). The 
results presented here demonstrate that gaps are  a very good 
substrate for the formation of initiation complexes i n  vitro, 
and  this may explain why gaps readily promote recombination 
in vivo (34, 35). In addition,  there is evidence that gaps may 
be important  in  the induction of the SOS response (for review, 
see Ref. 36). 
In addition to exonucleolytic extension of nicks into gaps, 
ssDNA can be generated in the cell in several other ways: 
exonucleases can  act on severed dsDNA to generate ssDNA 
tails with either 5’ or 3’ends, helicase I1 (the uvrD product) 
and  the rep protein unwind dsDNA, displacing 5‘ and 3’ ends, 
respectively, and E. coli DNA polymerase I can displace 
ssDNA tails with 5’ ends (for reviews,  see  Refs. 37 and 38). 
Meselson and Radding (39) have suggested that  strand dis- 
placement by DNA polymerase I may play an important role 
in  initiating recombination. Although our  results suggest that 
a displaced 3‘ ssDNA end will be covered by RecA protein 
much faster than a displaced 5’ end, strand exchange involv- 
ing  a displaced ssDNA tail with a 3’ end would rapidly run 
~ ~~~~~~~ 
Methods” and in the text.  When RecA protein was assembled onto M13mp7 ssDNA (3:l ratio of linear to circular 
molecules) (A and B), it rapidly displaced all of the SSB protein from the circular DNA, whereas the linear 
filaments  almost always contained  a tract of SSB protein at one end (carats), indicating that  the assembly was 
unidirectional. To determine the polarity of this assembly, linear M13 dsDNAs containing long ssDNA tails with 
5’ ends (C-8’) or 3’ ends (G and H) were used as templates. Under these conditions, RecA protein did not  bind to 
the dsDNA which appears as a thin fiber connecting the protein filaments. Carats indicate SSB protein-covered 
tracts. Micrographs were taken  at a 45” tilt  to increase contrast; therefore, the magnifications are only approximate. 
Bars equal 0.5 pm (A and B )  and 0.25 pm (C-H). 
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off the end of the tail due to the polarity of the strand 
exchange reaction. Despite the key role which ssDNA-RecA 
protein  filaments play in  both recombination and induction 
of the SOS response, little  attention  has been given to  the 
effects that different ssDNA templates may have on these 
reactions. As this work shows, it will be important to address 
this relationship in order to completely understand the activ- 
ities of the RecA protein in uiuo. 
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